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1. Introduction
Type 1 photosynthetic reaction centres (Type 1
RCs, nomenclature from [1]) catalyse light induced
charge separation (see [2,3] and chapters in this vol-
ume). This charge separation proceeds through a
multi-step electron transfer process involving a series
of protein bound cofactors. These cofactors consist
of a primary electron donor pair of chlorophyll (or
bacteriochlorophyll) molecules, a chlorophyll pri-
mary electron acceptor molecule, a quinone second-
ary electron acceptor molecule, and three iron^sul-
phur clusters. The most well studied of the Type 1
RCs is photosystem I of oxygenic photosynthesis.
Here X-ray crystallography of photosystem I from
Synechococcus elongatus [4^6] has shown that there
are two apparent primary and secondary acceptor
molecules arranged about a C2 axis in the heterodi-
meric RC, this axis being formed at the interface
between the two core polypeptides PsaA and PsaB.
Type 1 RCs are also found in the obligately anaero-
bic green sulphur bacteria (e.g. Chlorobium limicola)
and heliobacteria (e.g. Heliobacterium chlorum), but
in these organisms the cofactors are apparently
bound to a homodimeric complex of a single type
of polypeptide [7,8]. As yet there are no crystal struc-
tures available for these bacterial Type 1 RCs.
The oxidised and reduced states of the cofactors
can be generated under various illumination and
temperature regimes described in the sections below.
The trapped radical states of the chlorophyll and
quinone cofactors can then be studied using tech-
niques that probe the properties of the unpaired par-
amagnetic electron on such radicals, such as electron
paramagnetic (spin) resonance (EPR or ESR) spec-
troscopy [9], electron spin echo envelope modulation
(ESEEM) [10] and electron nuclear double resonance
(ENDOR) spectroscopy. It is also possible to use
time resolved techniques to produce transient radical
pairs consisting of the oxidised primary donor and a
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reduced acceptor. However, few ENDOR studies
have been performed on such radical pairs.
2. ENDOR spectroscopy
ENDOR spectroscopy belongs to the family of
magnetic resonance spectroscopies, many of which
are now used to study biological systems. Magnetic
resonance spectroscopies monitor the interaction of
electromagnetic radiation with the nuclei and elec-
trons of molecules placed in strong magnetic ¢elds.
ENDOR spectroscopy employs both radiofrequency
radiation, as in nuclear magnetic resonance (NMR)
spectroscopy (see [11] for examples), and microwave
radiation, as in ESR or EPR to study interactions
between unpaired (paramagnetic) electrons and nu-
clei with magnetic moments. Such nuclei include hy-
drogen (1H, often referred to as protons), deuterium
or ‘heavy hydrogen’ (2H) and the heavy isotopes of
carbon (13C) and nitrogen (15N). There are several
monographs available that describe the ENDOR
technique in some detail [12^15]. There are, however,
no introductory texts on this subject and the ap-
proach taken in many texts is, to a lesser or greater
extent, mathematical. Therefore we will attempt to
describe ENDOR spectroscopy below using as little
mathematics as possible. Those requiring a more rig-
orous treatment of the technique are referred to the
aforementioned monographs.
The process of obtaining an ENDOR spectrum
begins with the technique of EPR spectroscopy men-
tioned above. A radical bearing a single unpaired
electron will give rise to an EPR spectrum when
placed in a magnetic ¢eld and swept with microwave
radiation. The unpaired electron can be thought of
as a small magnet which uses the energy from the
microwave radiation to alter its orientation within
the applied magnetic ¢eld. By absorbing microwave
radiation it can move from a low energy state, being
aligned with the applied ¢eld, to a high energy state,
being aligned against the applied ¢eld. Once the mi-
crowave radiation is removed, the unpaired electron
‘relaxes’ back to the low energy state. However, ap-
ply too much microwave irradiation continuously
and the electron cannot relax back to the low energy
state, it is saturated. If the unpaired electron interacts
with nuclei such as those mentioned above, the mag-
netic resonance transitions of the nuclei could be
used to help the electron relax. These nuclei will in-
teract with radiofrequency radiation and undergo
similar changes in alignment in the magnetic ¢eld
to those described for the electron, this is the
NMR experiment. This is the basis of continuous
wave (CW) ENDOR spectroscopy which uses the
e¡ect of sweeping radiofrequency radiation on the
intensity of a saturated EPR line. Recording the
changes in the intensity of the saturated EPR line
as a function of the frequency of the radiofrequency
radiation used to e¡ect the nuclear transitions pro-
duces the ENDOR spectrum. This is the NMR spec-
trum of the nuclei that interact with the unpaired
electron and this illustrates the utility of the ENDOR
technique in that it allows for the measurement of
the NMR spectra of nuclei from only a speci¢c part
of a molecule, i.e. that part containing the unpaired
electron. This is especially useful when dealing with
protein complexes such as photosynthetic reaction
centres which are too large for the successful appli-
cation of conventional NMR techniques.
An idealised ENDOR spectrum showing interac-
tion with two nuclei is illustrated in Fig. 1. Each
nucleus gives rise to a pair of lines separated by a
frequency di¡erence that corresponds to the energy
of interaction between the unpaired electron and the
nucleus concerned divided by Planck’s constant. This
frequency di¡erence is called the hyper¢ne coupling
constant, or hfc, and it is given the symbol A. It is
usually expressed in units of MHz (and all hfcs given
in this review will be in MHz) but may also be given
in Gauss (G) for historical reasons; 1 Gv2.8 MHz.
The centre of the ENDOR spectrum corresponds to
Fig. 1. Idealized ENDOR spectrum showing two pairs of lines
(one red, the other blue) separated symmetrically about the
Larmor frequency by their coupling constants.
BBABIO 45085 15-10-01 Cyaan Magenta Geel Zwart
S.E.J. Rigby et al. / Biochimica et Biophysica Acta 1507 (2001) 247^259248
the resonant frequency (i.e. the NMR frequency) of
the type of nucleus concerned (e.g. 1H) in the absence
of any hyper¢ne coupling and is called the Larmor
frequency. The hyper¢ne coupling constant between
the unpaired electron and a nucleus can be used to
determine the proportion of the unpaired electron in
a delocalised system that is to be found at or close to
the nucleus, i.e. the unpaired electron spin density
distribution. It can also be used to determine distan-
ces between atoms of the radical which bear some
proportion of the unpaired electron and atoms
from the medium surrounding the radical, e.g. those
from a binding site in a protein. This is especially
useful for determining distances between acceptor
and hydrogen atoms in hydrogen bonds to the rad-
ical. Hydrogen bonded hydrogen atoms and other
hydrogens that are exchangeable with the solvent
can be identi¢ed by replacing the hydrogen atoms
with deuterium atoms using H2O/D2O solvent ex-
change, since hydrogen and deuterium give rise to
ENDOR lines in widely separated regions of the EN-
DOR spectrum. Neither spin density calculation nor
distance determination from hyper¢ne coupling con-
stants requires complex mathematics. Thus ENDOR
can provide information on both electronic and
physical structures at radical sites in proteins. In real-
ity the situation is slightly more complex than this,
since most ENDOR studies of protein bound radi-
cals are conducted using frozen solutions. Under
such conditions one has frozen in a population of
radicals which are randomly oriented with respect
to the applied magnetic ¢eld. Now most hyper¢ne
coupling constants are to a lesser or greater degree
dependent on this orientation. Therefore one ob-
serves spectra which show a range of hyper¢ne cou-
pling constants for each atom, not the sharp lines of
Fig. 1. The actual lineshapes depend on the asymme-
try or anisotropy of the interaction between the un-
paired electron and the nucleus in question. The in-
creased complexity of the lineshapes can, however,
be used to advantage since these lineshapes are char-
acteristic for particular chemical types of protons
(methyl groups, aromatic ring protons etc.) with spe-
ci¢c relationships to the sites of unpaired electron
spin density, and thus can be used to help assign
lines in the spectrum to particular atoms of the rad-
ical.
In addition to the CW ENDOR experiment de-
scribed above, there are several other related tech-
niques which have been employed in studies of
Type 1 RCs. Electron nuclear nuclear Special TRI-
PLE [16,17] experiments use two radiofrequencies
which start in the middle of the conventional EN-
DOR spectrum and sweep in opposite directions, one
towards lower frequencies, the other towards higher
frequencies. Thus both nuclear transitions occur at
once. This produces a ‘half ENDOR’ spectrum (like
a conventional ENDOR spectrum but running just
from the Larmor frequency upwards), with the x axis
calibrated in MHz from which A/2 can be read o¡
directly from the position of the single line. A more
modern variation on CW ENDOR is pulsed EN-
DOR which uses very short (Ws to ns) pulses of ra-
diofrequency and microwave radiation in place of the
continuous irradiation of the CW methodology. Here
the hyper¢ne coupling constants are determined us-
ing a process called polarisation transfer rather than
through saturation. For a hyper¢ne coupled system,
nuclear and electron transitions are interdependent
so the application of radiofrequency radiation at a
nuclear transition gives rise to changes in the popu-
lations of the unpaired electron energy levels. This is
detected as a change in the amplitude of an electron
spin echo signal arising from the unpaired electron.
Thus recording the variation in the amplitude of the
electron spin echo signal with radiofrequency produ-
ces an ENDOR spectrum. The two most commonly
encountered polarisation transfer schemes were pro-
posed by Davies [18] and Mims [19]. The Davies
technique employs a non-selective inverting prepara-
tion microwave pulse and a primary electron echo
detection sequence following the r.f. pulse (Fig. 2,
top). The frequency of the r.f. pulse is incremented
to cover the ENDOR spectrum. The Mims pulse se-
quence uses a non-selective two (Z/2) microwave
pulse preparation sequence and a single pulse (Z/2)
for detection and is thus equivalent to an electron
stimulated echo sequence with an r.f. pulse applied
between microwave pulses 2 and 3 (Fig. 2, bottom).
Again the frequency of the r.f. pulse is incremented
to cover the ENDOR spectrum. Pulsed Davies TRI-
PLE employs two r.f. pulses between the microwave
preparation pulse and detection sequences, one incre-
mented to produce the ENDOR spectrum and one
¢xed to ‘pump’ the transition under investigation.
This is the equivalent of CW General TRIPLE.
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Pulsed ENDOR has several advantages over CW
ENDOR (and a few disadvantages too), but it has
not been used much in the study of Type 1 RCs and
readers are referred to more advanced texts for fur-
ther information [20,21].
3. Primary electron donor radicals, P700c+, P840c+,
P798c+
The primary electron donor of photosystem I is
termed P700. X-Ray crystallography shows that it
consists of one chlorophyll a molecule and one chlo-
rophyll a 134 epimer molecule 6.3 Aî apart [6]. The
epimer resides on the PsaA side. It is multiply hydro-
gen bonded to the protein, whereas the PsaB side
chlorophyll is not. Hence P700 shows marked asym-
metry. Light induced oxidation of P700 produces a
cation radical P700c. In the laboratory this is usu-
ally achieved by freezing a photosystem I prepara-
tion in liquid nitrogen while illuminating it, illumi-
nating a dark-adapted sample at 77 K, or using
chemical oxidation with potassium ferricyanide.
ENDOR spectra of chlorophyll cation radicals in
frozen solutions typically show strong lines arising
from hyper¢ne coupling to the methyl groups at po-
sitions 2, 7 and 12 (see Fig. 3 for structure and atom
numbering scheme), and weaker lines arising from
hyper¢ne coupling to the protons at C(17) and
C(18), and to the meso protons of the methine bridg-
ing carbons C(5), C(10) and C(20). Furthermore it
has proven possible to observe hyper¢ne coupling to
the pyrrole nitrogen atoms in 15N labelled samples.
Early ENDOR studies of P700c [22,23] were ham-
pered by the available instrumentation and it proved
di⁄cult to draw conclusions from the poorly re-
solved spectra. Highly resolved frozen solution EN-
DOR spectra of the spinach radical were reported by
O’Malley and Babcock in 1984 [24]. The hyper¢ne
coupling constants they obtained were smaller than
those of the chlorophyll a cation radical in vitro
(Chlac). This reduction in the hyper¢ne coupling
constants, and therefore reduction in the unpaired
electron spin density at the ENDOR-accessible car-
Fig. 2. Pulse sequences for Davies and Mims pulsed ENDOR
(see text for discussion).
Fig. 3. Structure and carbon atom numbering scheme for chlo-
rophyll a (a); partial structures showing di¡erences in substitu-
tion at rings I and II of (b) 8P-hydroxychlorophyll a, (c) bacte-
riochlorophyll g, and (d) bacteriochlorophyll a. The colours
indicate the protons referred to in Table 2.
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bon atoms, was attributed to a 3:1 admixture of the
ground and ¢rst excited states respectively of a single
chlorophyll cation radical. Therefore the unpaired
electron spin density was considered to be located
on a single chlorophyll cation radical with an unusu-
al orbital structure.
Following the determination of the unpaired elec-
tron spin density distribution in the oxidised primary
electron donor of the Rhodobacter sphaeroides RC,
P865c, using single crystals [25], P700c was reex-
amined. Initially, in a paper concerned principally
with ENDOR studies of chlorophyll cation radicals
in photosystem II [26], it was suggested from proton
hyper¢ne coupling constants very similar to those in
[24] that P700c is a chlorophyll pair with the un-
paired spin density delocalised over both chloro-
phylls. Approx. 75% of the spin was considered to
be located on one chlorophyll, with 25% on the other
(i.e. a 3:1 ratio), but lines arising from hyper¢ne
coupling to protons on the low spin density chloro-
phyll could not be detected. This conclusion was
supported by an early ESEEM study [27]. Shortly
after this, a more thorough investigation of the prob-
lem was published [28] employing not only proton
hyper¢ne coupling constants determined from EN-
DOR, but also nitrogen hyper¢ne coupling constants
determined from 15N labelled photosystem I from
spinach (hydroponically grown chloroplasts) and
the cyanobacterium Synechococcus elongatus. The
ENDOR results were further supported by two-di-
mensional ESEEM (for a description of the tech-
nique see [10]) and HYSCORE (for a description
of the technique see [29]) experiments [28]. The pro-
ton ENDOR experiments in this study [28] largely
concurred with [26], suggesting 85% of the unpaired
electron spin is located on one chlorophyll, but the
experiments were unable to detect lines from the low
spin density chlorophyll. Nitrogen (15N) ENDOR,
however, did show evidence for a second chlorophyll.
Lines attributable to an 15N hyper¢ne coupling AP
(perpendicular) component of 0.25 MHz were de-
tected. These were in addition to four nitrogen hy-
per¢ne couplings similar to those expected for an
isolated chlorophyll cation radical. This was inter-
preted as showing that the unpaired electron spin
density is delocalised over two chlorophylls. Brief
reports of similar studies on single crystals of photo-
system I would seem to support this conclusion [30].
Subsequently the question of the distribution of
the unpaired electron spin density within P700c
has been revisited by the Michigan State group
[31,32]. Using a histidine tolerant mutant of the cy-
anobacterium Synechocystis PCC 6803 and 15N la-
belling, they have shown that one of the 15N hyper-
¢ne couplings detected in their ENDOR spectra is
derived from a histidine nitrogen atom coordinated
to the central magnesium ion of one of the P700c
chlorophylls [31]. This work was extended to a com-
prehensive study of P700c using 15N ENDOR,
ESEEM and numerical simulations of the ESEEM
data [32]. These data indicated that all of the un-
paired electron spin density is located on one of
the P700c chlorophylls. No hyper¢ne couplings
that could be assigned to a second chlorophyll bear-
ing a low spin density were detected. As in the earlier
study [24], di¡erences between the hyper¢ne coupling
constants measured for P700c and those of Chlac in
vitro were attributed to formation of a hybrid orbital
from an admixture of 75% of the ground state and
25% of the ¢rst excited state.
Thus two models for the electronic structure of
P700c exist, one proposing asymmetric delocalisa-
tion over the chlorophyll pair and the other the ex-
istence of a hybrid orbital localised on one chloro-
phyll. Both models rely heavily on nitrogen hyper¢ne
coupling constants determined using ENDOR to-
gether with ESEEM. The problem in assessing the
relative merits of the two models arises from the
15N hyper¢ne coupling constants quoted by their
proponents. Although the proton hyper¢ne coupling
constants reported for P700c by several groups
[24,26,28] are very similar, there seems to be very
little agreement between the two sets of data from
[28,32] illustrated in Table 1. A possible explanation
involves the experimental temperature which is 130
K in [28] and 6 K in [32]. As yet the temperature and
Table 1
Reported 15N AP hfcs of P700c (MHz)
Mac et al. [31] Ka«M et al. [27]
2.43 2.34
2.30 1.75
2.17 1.12
1.78 0.67
30.64a 0.25
aAssigned to the histidine axial ligand in [30].
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preparation dependence of the 15N and proton hy-
per¢ne coupling constants of P700c has not been
investigated systematically.
ENDOR spectroscopy has also been used to study
the e¡ect of site directed mutagenesis on the elec-
tronic structure of P700c in Chlamydomonas rein-
hardtii. Initially histidine residues in PsaB were
targeted in two studies [33,34]. The mutations
HY(B522), HQ(B522), HY(B523), HQ(B523),
HL(B523) and HL(B530) [33] had no e¡ect on the
electronic structure determined by ENDOR, but
HS(B656) and HN(B656) [34] caused a circa 15%
and 19%, respectively, increase in the hfc to the 12-
methyl group protons without signi¢cant changes to
the other measurable hfcs. This not only shows that
H(B656) is close to the chlorophyll molecules that
constitute P700, it also shows that changes in envi-
ronment can alter the spin density at a speci¢c loca-
tion. A more recent study [35] compared mutations
at H(B656) and H(A676) using a range of spectro-
scopic techniques including ENDOR spectroscopy.
The X-ray crystal structure of S. elongatus photosys-
tem I at 2.5 Aî [6] shows that these residues are prob-
ably ligands to the central magnesium atoms of the
two halves of P700. In common with the earlier
study [34], all of the B side mutations showed in-
creases in the 12-methyl hfc (Aiso), these increases
being 6% for HQ(B656), and 13% for HC(B656)
and HG(B656) (the results from [34] were also dupli-
cated there). Mutations HQ(A676) and HS(A676),
the only H(A676) mutants studied using ENDOR
in [35], did not reproduce these e¡ects. However,
the largest change in the 7-methyl hfc, a 5% decrease
in Aiso, reported for either H(B656) or H(A676) mu-
tation was observed for the HQ(A676) mutant. In
the absence of a major redistribution of unpaired
spin as observed for the R. sphaeroides HL(M202)
mutant [36], which causes pheophytinisation of one
of the constituent bacteriochlorophylls of P870, the
hfcs measured for P700c remain sensitive to muta-
tions on made in both PsaA and PsaB.
The Type 1 photosynthetic reaction centres of
green sulphur bacteria and heliobacteria contain ana-
logues of P700, being P840 and P798 respectively.
The detection of only one gene product in C. limicola
showing homology to the ‘core’ PsaA and PsaB sub-
units of photosystem I suggested a homodimeric core
complex in C. limicola [7] (as mentioned above). The
symmetry imposed by a homodimeric complex could
lead to a symmetric unpaired electron spin density
distribution over the presumptive dimer of bacterio-
chlorophyll a molecules that constitute P840c. Illu-
mination of C. limicola membranes at 77 K produces
the P840c cation radical. ENDOR and Special TRI-
PLE resonance spectroscopy of this radical [37] (see
Fig. 4 and Table 2) allows for the measurement of
proton hfcs that support this conclusion. Two sets of
very similar hfcs were measured showing that the
unpaired electron is distributed between the two con-
stituent chlorophylls in a 1.1:1 ratio. The small de-
viation from exact symmetry was attributed to the
in£uence of other polypeptides in the reaction centre
complex [37]. Similar conclusions have been reached
using ESEEM spectroscopy [38] and EPR spectros-
Fig. 4. ENDOR spectra of (a) P840c and (c) P798c with inset
the Special TRIPLE spectra of (b) P840c and (d) P798c. The
numbering of the features corresponds with Table 2. Experi-
mental conditions: (a) microwave power 7.9 mW, r.f. power
100 W, r.f. modulation depth 158 kHz, temperature 60 K, 80
scans co-added; (b) microwave power 10 mW, r.f. power 180
W (total), r.f. modulation depth 50 kHz, temperature 60 K, 160
scans co-added; (c) microwave power 6.3 mW, r.f. power 100
W, r.f. modulation depth 158 kHz, temperature 75 K, 80 scans
co-added; (d) microwave power 7.9 mW, r.f. power 180 W (to-
tal), r.f. modulation depth 35 kHz, temperature 75 K, 120 scans
co-added.
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copy of 13C enriched P840c [39]. Near infrared FT
Raman spectroscopy also shows a symmetric distri-
bution of positive charge over a dimeric P840c [40].
However, the results from FT infrared spectroscopy
are more equivocal, suggesting a sharing of the pos-
itive charge over a bacteriochlorophyll dimer, but
not necessarily a symmetric sharing [41,42]. This in-
terpretation is largely, though by no means exclu-
sively, based on the observation of an intervalence
band [43] at V2600 cm31. The intervalence band
observed for P840c is similar to that of P870c sug-
gesting that, in common with P870c, the unpaired
electron is delocalised over two chlorophylls in
P840c but asymmetrically. However, the relation-
ship between the intervalence band arising from a
bacteriochlorophyll dimer and the degree of delocal-
isation is not straightforward [44,45].
ENDOR and Special TRIPLE studies of P798c
formed in H. chlorum and Heliobacterium mobilis
[46,47] also suggest a symmetrical distribution of
the unpaired electron over this bacteriochlorophyll
g pair. Side chain oxidation makes it di⁄cult to ob-
tain in vitro spectra of bacteriochlorophyll g for
comparison, but bacteriochlorophyll b di¡ers only
in the substitution at C(3) and can therefore be
used instead. Using Special TRIPLE spectroscopy
shows two distinct features for the 81-methyl and
12-methyl hfcs. Using these values suggests a slight
asymmetry with a 1.1:1 unpaired electron spin den-
sity distribution ratio similar to that measured for
P840c. FT infrared spectroscopy has provided sim-
ilar arguments to those presented for P840c above
for an asymmetric distribution of the unpaired elec-
tron [41].
4. Primary electron acceptor radicals, Ac30
The primary electron acceptor of photosystem I is
termed A0, and has been associated with a chloro-
phyll molecule 13.3 Aî distant (edge to edge) from
P700 in the X-ray crystal structure [5,6]. These chlo-
rophylls have unusual methionine residue axial li-
gands to their central magnesium atoms [6]. The rad-
ical anion state, Ac30 , of this chlorophyll can be
photoaccumulated by illumination at 220 K, pH
8.0 in sodium dithionite treated samples. Such treat-
ment produces Ac30 and the secondary electron accep-
tor radical Ac31 [48], but CW ENDOR spectra of
these radicals can be separated as they are detected
Table 2
Hfcs obtained using ENDOR and Special TRIPLE (ST) spectroscopy and assignments for the primary electron donor radicals P840c
and P798c, and comparisons with bacteriochlorophyll (Bchl) a and b cation radicals
Colour coding from Fig. 4. aNot detected (out of range of the ST sweep). bL-Protons occur at positions 7, 8, 17 and 18 in bacterio-
chlorophyll a and at positions 7, 17 and 18 in bacteriochlorophylls b and g. These features cannot be de¢nitively assigned to speci¢c
protons or to speci¢c hfc components. C. limicola data from [37], H. chlorum data from [46,47]; Bchl ac and Bchl bc data from
[80,81]. Note that there is no equivalent of the bacteriochlorophyll b and g 8P-methyl group in bacteriochlorophyll a.
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at di¡erent optimum temperatures and microwave
powers.
Frozen solution ENDOR spectra of chlorophyll
anion radicals consist principally of features arising
from hfcs to the 2-methyl and 12-methyl group pro-
tons (see Fig. 2 for structure). Very few ENDOR
studies of the Ac30 radical have been published. An
early ENDOR study of A0 [49] reported smaller
2-methyl and larger 12-methyl hfcs than had been
observed for studies of chlorophyll anion radicals
in vitro. These di¡erences were attributed to the
dual in£uences of hydrogen bonding at the C(13P)
keto group oxygen and di¡erences in the rotameric
angle of the vinyl group at C(3). The presence of
C(13P) keto hydrogen bonding to Y(A696) and
Y(B676) has been shown in the recent re¢nement
of the X-ray crystal structure [6]. The impact of the
methionine magnesium ligation on the ENDOR
spectra is unclear, but is expected to be small as
most of the unpaired electron spin density is concen-
trated at the periphery (L- and meso-carbon atoms)
rather than around the central magnesium atom [50].
Our recent studies [47] support these conclusions
and have extended the use of ENDOR spectroscopy
to the study of photoaccumulated ‘Ac30 ’ radicals in
the photosynthetic reaction centres of green sulphur
bacteria and heliobacteria. Chlorophyll pigments
have been isolated from these mainly bacteriochloro-
phyll-containing systems [51,52] (8P-hydroxychloro-
phyll a in heliobacteria, see Fig. 3). Our studies [47],
together with Soret band resonance Raman [53] and
picosecond spectroscopy [54^56], provide evidence
for the location of the photoaccumulated radical
states on these chlorophyll molecules, showing that
they play a role in electron transfer. This implies that
the bulk bacteriochlorophyll a and c pigments are
unable to ful¢ll this role in these reaction centres.
Again, from the ENDOR spectra, it can be con-
cluded that there is hydrogen bonding to the C(13P)
keto group and that the orientation of the 3-vinyl
group is di¡erent to that observed in vitro. Indeed
this pattern of altered 3-vinyl orientation and hydro-
gen bonding at the C(13P) keto group is also ob-
served in ENDOR studies of the primary electron
acceptor radicals of the R. sphaeroides photosyn-
thetic reaction centre [57] and photosystem II [58],
where the pigments concerned are bacteriopheophy-
tin a and pheophytin a respectively.
5. Secondary electron acceptor radicals, Ac31
The secondary electron acceptor of photosystem I
is a phylloquinone molecule, A1. The redox active
phylloquinone must have a midpoint potential (Em)
for the A1/Ac31 couple of circa 3800 mV (vs. NHE),
much lower than that of the equivalent Em in vitro.
Photoaccumulation in sodium dithionite treated spi-
nach, Anabaena variabilis or C. reinhardtii digitonin
particles at 205 K produces the phyllosemiquinone
anion, Ac31 [59,60]. ENDOR and Special TRIPLE
spectroscopic studies [61] of this radical show that
the unpaired electron spin density distribution over
Fig. 5. ENDOR spectra of Ac31 in (a) C. reinhardtii, (b) C. limi-
cola and (c) H. chlorum. The numbering of the features corre-
sponds with Table 3. Experimental conditions: (a) microwave
power 3.0 mW, r.f. power 100 W, r.f. modulation depth 158
kHz, temperature 70 K, 100 scans co-added; (b) microwave
power 3.9 mW, r.f. power 100 W, r.f. modulation depth 199
kHz; temperature 120 K; 200 scans co-added; (c) microwave
power 4.9 mW, r.f. power 100 W, r.f. modulation depth 177
kHz; temperature 80 K; 200 scans co-added.
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the phyllosemiquinone is distorted compared to that
of phyllosemiquinone in vitro (see Fig. 5 and Table
3). Ac31 has unusual high spin densities at C(2) and
C(3) (see Fig. 6 for structure and numbering
scheme). Only one hfc was detected for the protons
on C(1P), features arising from these protons were
observed in Special TRIPLE spectra [61]. The hfcs
to these protons depend not only on the unpaired
electron spin density at the attached ring carbon
atom (in this case C(3)) but also on the angle be-
tween the projection of the C(1P)^H bond and the
normal to the ring plane [62]. Therefore the observa-
tion of only one hfc suggests that both C(1P)^H
bonds have the same orientation relative to the ring
plane and that the phytyl group attached at C(3) is
oriented perpendicularly to the quinone ring. The use
of biosynthetic deuteration revealed the presence of
two hydrogen bonds to Ac31 in A. variabilis [61], and
the similarity in the ENDOR and Special TRIPLE
spectra allowed this result to be extended to Ac31 in
spinach digitonin particles. At the time this was a
somewhat unexpected result as one explanation
then advanced for the low Em of the A1/Ac31 couple
was a hydrophobic environment lacking hydrogen
bonding. The recent re¢ned X-ray crystal structure
of photosystem I from S. elongatus [6] shows a single
hydrogen bond to the A1 C(4)O of the 4-carbonyl
group from a backbone amide nitrogen (L(A722),
L(B706)). A single hydrogen bond to C(4)O has
also been advanced as a possible explanation for
the unusual hfc to the 2-methyl group protons on
the basis of density functional theory calculations
[63]. Furthermore the crystal structure shows the
phytyl side chain oriented with the C1P^C2P bond
approximately perpendicular to the quinone ring as
suggested by the ENDOR data.
The question of hydrogen bonding to Ac31 was
recently addressed in a novel and interesting experi-
ment where the genes (menA and menB) from the
biosynthetic pathway for phylloquinone were dis-
rupted in Synechocystis sp. PCC6803 [64]. The pho-
tosystem I isolated from these mutants contained
plastoquinone (designated PQ) and no phylloqui-
none. Pulsed Davies ENDOR studies of the transient
P700c/PQc3 radical pair, formed by £ash-induced
electron transfer, enabled the methyl hfcs of the plas-
tosemiquinone radical to be measured. Plastosemi-
quinone is a dimethyl benzoquinone (see Fig. 6);
therefore two methyl group hfcs were detected with
AP = 6.8 MHz, AN = 9.8 MHz and AP = 2.8 MHz,
AN = 5.8 MHz. Although the methyl group hfcs of
plastosemiquinone in vitro are also inequivalent,
the inequivalence is increased in the P700c/Ac31 rad-
ical pair and this increase was attributed to di¡er-
Table 3
Hfcs and assignments for Ac31 radicals in Type 1 photosynthetic reaction centres, and for the phyllosemiquinone radical (PhQ) in vitro
C. reinhardtii data from [72]; A. variabilis, spinach and PhQ data from [61]; C. limicola and H. chlorum data from [78]. aNot detected.
bDetected using H^D exchange in [78]. Colour codes and feature numbering from Fig. 5.
BBABIO 45085 15-10-01 Cyaan Magenta Geel Zwart
S.E.J. Rigby et al. / Biochimica et Biophysica Acta 1507 (2001) 247^259 255
ences in hydrogen bonding compared to plastosemi-
quinone in vitro. Whether this re£ects the hydrogen
bonding to Ac31 is uncertain as it is not clear that the
plastosemiquinone radical occupies the same site
with the same orientation as the native phyllosemi-
quinone.
Hydrogen bonding to Ac31 was originally thought
to be unlikely as a non-polar, non-hydrogen bonding
environment was seen as one of the ways in which
the Em for the A1/Ac31 couple could be reduced su⁄-
ciently to function in photosystem I. ENDOR studies
using biosynthetically deuterated photosystem I [61]
made a major contribution to the counter-argument
by identifying features in the ENDOR spectrum that
arise from hfcs to hydrogen bonded protons. How-
ever, the number and strength of these hydrogen
bonds remain contentious. ENDOR spectroscopy
shows hfcs to two hydrogen bonded protons [61].
Furthermore these hfcs are larger than those ob-
served for phyllosemiquinone in isopropanol, sug-
gesting either shorter O^H distances (‘stronger’ hy-
drogen bonding) or more unpaired spin on the Ac31
semiquinone oxygen atoms. However, as mentioned
above, the new 2.5 Aî X-ray structure indicates the
presence of only one hydrogen bond to the quinone
[6], while the increase in the g factor anisotropy de-
termined at high microwave frequencies, especially
the increase in the gxx component relative to phyllo-
semiquinone in vitro, suggests weak hydrogen bond-
ing [65,66]. However, these results are not mutually
exclusive. The X-ray crystal structure is of the oxi-
dised quinone state of A1 whereas ENDOR spectros-
copy reports the structure of the negatively charged
semiquinone anion form, Ac31 . It is not clear at this
time what structural rearrangements, if any, occur in
the A1/Ac31 binding site on reduction, and whether
such rearrangements lead to formation of a further
hydrogen bond. It is also possible that the second
hydrogen bond is formed to a water molecule. That
the A1 binding site is solvent accessible is shown by
solvent extraction experiments [67]. The movement
of water molecules within a protein structure in re-
sponse to changes in charge distribution and/or re-
dox state is a known phenomenon in protein chem-
istry (see e.g. [68]), and such a water molecule may
not be resolved in the structure until its motion was
restricted by the formation of a hydrogen bond.
The interpretation of the increased gxx component
is complicated since several factors in£uence this val-
ue. These factors are formalised in the perturbation
treatment of Stone [69,70]. Increased hydrogen bond
strength leads to a decreased gxx component. How-
ever, Z^Z stacking interactions with nearby aromatic
residues, such as that shown in the crystal structure
with W(A697) and W(B677), and a negatively
charged environment are both factors that lead to
increased gxx values. Therefore the increased gxx val-
ue arises from a complex interplay of these factors
and cannot be taken as clear evidence for weak hy-
drogen bonding to Ac31 .
The unusual unpaired electron spin density distri-
bution over Ac31 has also been associated with possi-
Fig. 6. Structures and carbon atom numbering schemes of (a)
phylloquinone, (b) plastoquinone and (c) ubiquinone. The col-
ours indicated on (a) indicate the protons referred to in Table 3.
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ble interaction with a nearby aromatic residue
[61,71]. As mentioned above, the X-ray crystal struc-
ture [6] shows that there are tryptophan residues
(W(A697), W(B677)) close to both symmetry related
phylloquinone molecules of photosystem I. Mutation
of the equivalent tryptophan in the PsaA subunit of
C. reinhardtii (TrpA693) gives rise to small but re-
producible changes in the photoaccumulated Ac31
2-methyl and hydrogen bond hfcs as measured by
ENDOR spectroscopy [72]. This suggests that the
photoaccumulated Ac31 radical resides on PsaA, but
also that the tryptophan residues are not the major
determinants of the unusual electronic structure of
Ac31 . Recently it has been suggested that electrons
may be transferred up both the PsaA and PsaB sides
of the photosystem I electron transfer system, but
with each side exhibiting di¡erent kinetics [73].
From the results of the site directed mutagenesis ex-
periments described above it would appear that the
photoaccumulated Ac31 is on the PsaA side. Mutation
of W693 in C. reinhardtii slows down forward elec-
tron transfer from Ac31 to Fx as monitored by the
decay of the electron spin polarised signal arising
from the radical pair P700c/Ac31 [72]. This technique
is limited to a time resolution of s 50 ns, and so can
only resolve the slower of the two rates of reoxida-
tion of Ac31 reported by Joliot. Therefore it seems
that the slow rate of forward electron transfer from
Ac31 to Fx is on the PsaA side, a conclusion sup-
ported by recent experiments carried out on
PsaAW693F/PsaBW673F mutants of C. reinhardtii
[74] by Joliot in collaboration with Redding.
Recently, ENDOR studies of semiquinone radicals
in Escherichia coli cytochrome bo3 [75,76] have
shown that it is possible to produce unusual semi-
quinone unpaired electron spin density distributions
without the extremely low Em exhibited by A1/Ac31 .
The native ubisemiquinone (see Fig. 6 for structure)
or substituted phyllosemiquinone radicals in cyto-
chrome bo3 both exhibit larger methyl hfcs than
Ac31 , while being hydrogen bonded at both carbonyl
groups. Therefore it is possible that the factors gov-
erning the unpaired electron spin density distribution
of Ac31 need not be those that give rise to its unusual
Em.
Semiquinone radicals can also be photoaccumu-
lated in the Type 1 reaction centres of green sulphur
bacteria (C. limicola) [77,78] and heliobacteria
(H. chlorum) [78]. ENDOR and Special TRIPLE res-
onance of these radicals [78] (Fig. 5 and Table 3)
show them to be asymmetrically hydrogen bonded
menasemiquinone radicals exhibiting unusually high
unpaired electron spin densities at C(2) and C(3),
similar to those measured for Ac31 in photosystem
I. These observations appear to con¢rm the presence
of quinones as photoreducible cofactors in these sys-
tems, and also suggest similarities between the struc-
ture of the Ac31 binding site in photosystem I and the
semiquinone binding site in these bacterial systems
(Table 3). However, the role of quinones in these
reaction centres remains a contentious issue [79]
that requires further study.
6. Conclusion
ENDOR and the related Special TRIPLE reso-
nance spectroscopies have provided a wealth of detail
on the electron transfer cofactors of Type 1 reaction
centres. The high resolution X-ray crystal structure
of photosystem I will facilitate interpretation of EN-
DOR spectra of these cofactors. This will, in turn,
enable the e¡ects of mutations on their physical and
electronic structures to be determined from ENDOR
spectroscopy leading ultimately to a detailed explan-
ation of the factors a¡ecting electron transfer
through Type 1 reaction centres.
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